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ABSTRACT

INVESTIGATING THE DETOXIFICATION OF CADMIUM BY THE
TARDIGRADE HYPSIBIUS EXEMPLARIS

By
Adedamola Olatoregun, MBBS, PhD
Texas Southern University, 2021
Associate Professor Ayodotun Sodipe, Advisor

Heavy metals such as Cadmium are known stressors in aquatic environments due
to being persistent in nature and the ability to bioaccumulate in organisms. Cadmium
ranks 7th on the Agency for Toxic Substance and Disease Registry’s 2019 Substance
Priority List. It is also listed as a substance of very high concern by the European
Chemicals Agency. Thus, it is considered one of the most important environmental and
occupational pollutants existing. This study aimed at investigating the cellular responses
to the heavy metal Cadmium (Cd) and observe the processes that are involved in its
detoxification.
Tardigrade specimens (Hypsibius exemplaris) were exposed to varying
concentrations of cadmium ranging from 1mg/l to 15mg/l at 6, 12 and 24-hours
intervals. The expressions of reactive oxygen species (ROS) and antioxidant enzymes
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(superoxide dismutase, catalase and glutathione-s-transferase) were measured after
cadmium exposure. Tardigrade viability was also assessed based on observed
locomotive movements of the tardigrades.
The results of this study indicate that antioxidant defense components in the
tardigrade Hypsibius exemplaris are significantly affected by cadmium toxicity. The
viability analysis showed that the in vivo acute exposures decreased starting from the 5
mg/L concentration over a 24-hours period. The results show that cadmium can induce
the excessive production of reactive oxygen species (ROS) resulting in oxidative stress as
ROS was statistically significantly higher than control after 24 hours of cadmium
exposure (p<0.05).
Cadmium triggers a protective cellular antioxidant response involving
glutathione-s-transferase (GST). After 12 hours, GST in exposed specimens was
statistically significantly lower (p<0.01) than in control specimens, further decreasing
after 24 hours. Glutathione (GSH), highly abundant in cells, is a primary target for free
cadmium ions. Therefore, the observed cadmium-induced depletion of the GSH pool
indicates a disturbance of the redox balance leading to an oxidative environment.
This research contributes to the existing knowledge on how cadmium alters the
cellular redox state, leading to cadmium-induced pathologies. Overall, the results
support the notion that the mode of cadmium toxicity in tardigrades is evident through
both decreases in antioxidants and general cellular oxidative stress from accumulated
ROS.
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This study also investigated the impact of cadmium exposure on the differential
gene expression of the stress-induced protein HSP70. The results reveal a timedependent effect of cadmium exposure on HSP70 expression. Exposure to 7.5mg/l of
cadmium over 6hrs, 12hrs and 24hrs induced an increase in HSP70 mRNA expression.
This supports the literature on the important role of heat shock proteins in conferring
protection and tolerance against deleterious concentrations of heavy metals such as
cadmium.
The results also show that Hypsibius exemplaris has a lower tolerance towards
cadmium when compared to the higher LC50 values reported with the well-studied
bioindicator species Caenorhabditis elegans. However, H. Exemplaris has a higher
tolerance than reported with the other well-investigated species Daphnia magna.
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CHAPTER 1
INTRODUCTION

Background
Cadmium (Cd) is a toxic heavy metal that occurs in the environment chiefly from
anthropogenic activities. It is an environmental toxicant that causes damage to cells via
depletion of antioxidants leading to accumulation of reactive oxygen species and has
been known to set off several stress responses (Stohs and Bagchi, 1995). It has no known
biological role. However, it possesses the ability to strongly affect an organism’s
physiology, survival and performance and has also been shown to cause DNA strand break
and to inhibit repair (Hengstler et al, 2003; Hartwig, 1998).
Heavy metals such as cadmium are known stressors in aquatic environments due
to being persistent in nature and the ability to bioaccumulate in organisms. Heavy metals
pose a threat to aquatic organisms. According to the Environmental Protection Agency
(EPA), cadmium is concentrated hundreds to thousands of times higher in freshwater and
marine animals than in water. Cadmium is also present in terrestrial environments. The
concentration and distribution of cadmium in terrestrial environments are influenced by
soil chemistry and local transport mechanisms.
Most organisms have evolved protective mechanisms to deal with metal
exposure, most of which function in one of three ways: (i) Decrease the uptake of the
metal, (ii) Stimulate the expulsion of the metal, and (iii) Activate the organism’s stress
1

response mechanisms. This research focuses on understanding the processes involved in
detoxification and stress response following exposure to the heavy metal cadmium, using
for analysis, tardigrades which are resilient organisms that belong to the phylum
Tardigradia.
Tardigrades are found in various habitats and by their widespread distribution
have the potential to be used as bioindicators especially when exposed to environmental
stressors such as cadmium. Tardigrades are microscopic (less than 1 millimeter in length)
and are found in many different aquatic and semi-aquatic environments that are typically
exposed to cadmium pollution. They are capable of withstanding extreme environmental
conditions and are able to suspend their metabolism and potentially persist in this
dormant state for decades.
This research uses the tardigrade Hypsibius exemplaris, which is widely used as a
laboratory model for various types of scientific studies (Gąsiorek et al. 2018). Although
Hypsibius exemplaris (H. exemplaris) closely resembles the previously identified Hypsibius
dujardini, it is in fact different. H. exemplaris makes a good animal model as it can be
easily maintained in a laboratory with a generation time of less than 2 weeks at room
temperature (Goldstein, 2018). The tardigrades can be revived from a frozen state. Most
importantly, the animals and their embryos are optically clear (transparent) which
enables a viewing of their anatomy and internal processes by light microscopy (Heikes
and Goldstein, 2018).
This tardigrade specie (H. exemplaris) has many of the characteristics that make a
good bioindicator including their ubiquity and their association with cryptogams (such as
2

ferns, mosses and lichens). A good bioindicator species should be common in the natural
environment and easily sampled with the ability of biomarker responses and
concentration dependence to be reliably measured. Other characteristics of a good
bioindicator include a well-documented taxonomy and a moderate tolerance for
environmental variability.

Purpose
Although many research studies have been carried out on tardigrades, there is
insufficient information regarding the immune system of tardigrades and only a few
studies have been carried out on tardigrade tolerance toward environmental toxicants.
In the absence of a well-defined and specialized immune pathway for tardigrades, there
are highly specific stress response mechanism that are conserved across specie which can
protect against environmental stressors. Other members of the Ecdysozoa Superphylum
such as Caenorhabditis elegans and Drosophila melanogaster, that have previously been
sequenced with genes and pathways involved in heavy metal detoxification, can be used
as comparison to the tardigrade Hypsibius exemplaris.
In these members of the superphylum, various proteins have been identified as
playing a role in the heavy metal detoxification process involving the generation of
reactive oxygen species (ROS) produced by oxidative stress. Enzymes of interest to this
study are: superoxide dismutase (SOD), catalase (CAT), glutathione (GSH) and
glutathione-s-transferase (GST). These are antioxidant enzymes which play fundamental
roles in the antioxidant protective capacity of biological systems against free radical
3

attack (Ighodaro and Akinloye, 2018). These proteins are highly conserved and have been
found to be present in Hypsibius exemplaris (Gusev et al, 2010; Kamilari et al, 2019; Dasari
et al, 2017).
This study hypothesizes that exposure of tardigrades to cadmium induces
antioxidant metabolism and the upregulation of proteins involved in detoxification. Thus,
the aims of this research study are:
(i)

Investigate tardigrade tolerance toward cadmium in two different
physiological states (hydrous vs. anhydrous),

(ii)

Investigate the expression of reactive oxygen species (ROS) and enzymatic
biomarkers in tardigrades after cadmium exposure,

(iii)

Analyze the upregulation of the heat shock protein (HSP70) following
exposure to cadmium at different concentrations,

(iv)

Assess the use, after exposure to cadmium, of Hypsibius exemplaris as a
bioindicator compared to other known bioindicators within the
Superphylum (specifically Caenorhabditis elegans).

The specific steps to be carried out are:
a)

Cadmium Tolerance Assay
Observe and analyze the effect of varying cadmium doses on Tardigrade
population to arrive at a sublethal dose. A toxicant tolerance assay based
on activity assessments as a measure of survival will be carried out within
exposure times ranging from 1-24 hours.
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b)

ROS and Protein assay
Observe and record concentrations of reactive oxygen species (ROS) and
antioxidant enzymes (superoxide dismutase, catalase, glutathione and
glutathione-s-transferase) following exposure to cadmium at different
concentrations.

c)

Heat shock protein (HSP70) assay
HSP70 expression assay will be performed on tardigrades exposed to
Cadmium, using quantitative real time reverse transcription polymerase
chain reaction (RT-PCR).

d)

Comparative analysis of LC50 values of cadmium-exposed Hypsibius
exemplaris to LC50 values of cadmium-exposed bioindicator species
Caenorhabditis elegans. LC50 is defined in toxicological studies as a
statistically derived lethal concentration of a chemical at which 50% of the
tested population will be expected to die after a specified time. It is the
level of acute toxicity of a chemical.

The findings of this study are expected to contribute to the current literature as
well as initiate a step towards the characterization of heavy metal detoxification/stress
response for members of this specie by providing background information for subsequent
experiments to assess the effect of heavy metals on the immune systems of tardigrades.

5

Organization of the Dissertation
This dissertation is organized into five chapters. Chapter 1 introduces the major
components of the study namely Cadmium and Tardigrades. It also includes the purpose
of the study followed by the hypothesis, aims and objectives of the study. The following
chapter (Chapter 2) provides a review of relevant literature on subjects of interest.
Chapter 3 describes the experimental design including the procedural steps for
determination of toxicity levels and the preparation of assays. Chapter 4 presents the
results of the experiment followed by a discussion of the observed results. The final
chapter (Chapter 5) provides a summary of the study, the study limitations, conclusions
and recommendations for future research.
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CHAPTER 2
LITERATURE REVIEW
Cadmium
Heavy metals such as Cadmium are important stressors in aquatic environments
due to being persistent in nature and the ability to bioaccumulate in organisms. Heavy
metals pose a threat to aquatic organisms. High concentrations of metals such as
cadmium, lead and mercury present a threat to human health through drinking water
supplies. Also, consuming seafood contaminated with metals can cause these toxic
metals to accumulate in human tissue.
Cadmium (Cd) is a heavy metal that occurs naturally in the environment. Heavy
metals are stable and do not degrade and hence, tend to accumulate in the
environment. Cadmium ranks 7th on the Agency for Toxic Substance and Disease
Registry’s 2019 Substance Priority List. It is also listed as a substance of very high
concern by the European Chemicals Agency. Thus, it is considered one of the most
important environmental and occupational pollutants existing. Cadmium is of
considerable concern due to its environmental ubiquity and increasing occurrence.
Cadmium is situated between Zinc and Mercury in the Periodic Table and shares
some properties with these two elements. It reacts with other elements in a similar
manner as Zinc and both elements are often found in the same ores (Cobb, 2008).
However, unlike Zinc, Cadmium is not essential for animal life and has no known
biological role. Cadmium does not naturally exist as an element by itself, rather it is
7

found as a compound combined with other elements. In its natural form, it exists as
either Cadmium Sulphide, Cadmium Oxide or Cadmium Chloride in ores containing Zinc,
Lead and Copper.
Cadmium is present in the environment at low levels, however anthropogenic
(manmade) sources mostly account for amounts observed in the environment (IPCS,
1992). According to the Environmental Protection Agency (EPA), cadmium is
concentrated hundreds to thousands of times higher in freshwater and marine animals
than in water. Cadmium is also present in terrestrial environments. The concentration
and distribution of cadmium in terrestrial environments are influenced by soil chemistry
and local transport mechanisms.
Cadmium is classified as a transition metal and in industrial uses, is good at
conducting electricity and heat. One of the major uses of cadmium is in rechargeable
NiCd batteries. Other uses include as a plastic stabilizer, in metal solders, in metal
platings/coatings to prevent corrosion, in producing color pigments and as a neutron
absorbent in nuclear reactors (Tucker, 2008). Cadmium enters the environment through
industrial mining and smelting and is introduced into the food chain through uptake by
plants from contaminated soil or water. Soil and water can also be contaminated with
exposure to sewage, for example, from storm surges during adverse weather conditions.
Cadmium is an environmental toxicant that causes damage to cells via depletion
of antioxidants, leading to accumulation of reactive oxygen species (ROS) and has been
known to set off several stress responses (Stohs and Bagchi, 1995). It possesses the
ability to strongly affect an organism’s physiology, survival and performance and has
8

also been shown to cause DNA strand break and inhibition of repair (Hengstler et al,
2003; Hartwig, 1998). Cadmium exerts biological effects on mitochondrial structure and
function, on DNA and on gene expression (Pinot et al, 2000). These effects are linked to
Cadmium's ability to modulate the cellular redox state. Cadmium drains glutathione and
protein bound sulfhydryl groups, thereby amplifying the toxic effects of ROS.
Tardigrades have developed various mechanisms some of which have been highlighted
above which protect it against attack. ROS plays a role in all these mechanisms. As part
of the response to this increase in ROS, tardigrades exhibit increased activity in
antioxidant enzymes.

Historical background of Cadmium
Cadmium was first discovered in Germany in 1817 during the refining of Zinc as a
byproduct. It was originally used in paintings because of the bright pigmentation of the
cadmium sulfide. On an industrial scale, it was also used as a protection coating on steel
and iron to prevent corrosion. Most commonly nowadays it is used in nickel cadmium
batteries.
The first documented adverse health effect from cadmium occurred in Belgium
in 1858. Workers polishing silver with cadmium carbonate had respiratory and
gastrointestinal symptoms following exposure to cadmium dust. Following about ten
years of crop damage in the early 1900s, there was an outbreak of itai-itai disease (a
form of renal osteomalacia occurring mostly in post-menopausal women with low iron),
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in Japan which occurred following the consumption of rice that had been contaminated
by Cadmium from a mine upstream (Aoshima, 2012).
Most of those who were affected were exposed to six times the average intake
in the United States and in parts of Europe. More recently, both children’s jewelry and
glassware collectibles painted with colorful children’s character containing Cadmium
were recalled in the United States following concerns about exposure and the possible
long-term risks.

Sources of Cadmium exposure and emissions
The natural environmental source of Cadmium is from when it is released from
the earth's crust during the eruption of volcanoes, forest fires and the weathering of
rocks. These processes can release cadmium into the soil, air and water system.
Cadmium is dispersed more widely into the environment through anthropogenic
(human) actions. Cadmium is not abundant in nature. It is mostly found in Zinc ores and
is produced as a byproduct more in places where the ores are refined relative to where
they are mined. Cadmium can enter the environment through soil, water and air.
Cadmium from outdoor air represents the greatest contribution to pollution. It
exists in particulate form (respirable size) and is higher in areas with incinerators,
refineries and metal mines. Thus, people living near such facilities may have a higher
exposure to Cadmium. Incineration of plastic waste and nickel-cadmium batteries on a
large scale can introduce airborne cadmium into the environment (Järup, 2003). Since
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Cadmium is used as an anti-corrosion agent in steel production, it may be discharged
into the air during steel production.
Burning of fossil fuels such as coal or oil can also emit Cadmium into the air.
Cadmium is persistent in the environment and is often transported long distance
through the air unchanged, before being deposited onto surface soils and water,
especially when it rains. Tobacco leaves naturally accumulate and concentrate cadmium
(Sugita et al, 2001) and cigarette smokers are directly exposed to Cadmium through
inhalation. Thus, tobacco smokers have been observed to have a higher cadmium load
than nonsmokers (Järup et al, 1998). It was previously believed that secondhand smoke
did not constitute an exposure to Cadmium. However, new research suggests otherwise
as a study revealed Cadmium accumulation in the hair of children exposed to
secondhand smoke at home (Li et al, 2018). Another study found a significant
association between secondhand smoke and blood cadmium levels among adult women
in South Korea (Jung et al, 2015).
Cadmium concentrations in unpolluted natural waters are usually less than 1
microgram per liter (μg/L) or 1 part per billion (ppb) (Friberg, Nordberg and Vouk, 1986).
However, Cadmium can enter groundwater via natural and anthropogenic sources. In
the natural pathway, this occurs from weathering of cadmium containing rocks and the
deposition of airborne particles. Anthropogenic sources include phosphate fertilizers,
leaks from sewage treatment plants/hazardous waste sites and landfills. Other sources
include mine draining water and discharge from industrial plants at both point and
diffuse sources.
11

In addition, contamination of drinking water can occur from the corrosion of
galvanized plumbing (especially when the water supply is soft or acidic, as this is more
corrosive) and water pipes. Water quality regulations can sometimes overlook this
source of Cadmium exposure as monitoring usually occurs at the water treatment
facility before the water enters the distribution system. According to the National
Primary Drinking Water Regulations, the concentration of cadmium in drinking water
should not exceed a Maximum Contaminant Level (MCL) of 0.005 milligrams per liter
per US EPA standard. However, long-term additional exposure from corroded plumbing
within the distribution system and corroded household plumbing can result in higher
accumulation of Cadmium in the body.
Cadmium in the soil is directly related to dietary consumption of Cadmium.
Cadmium in soils can be classified by the source and the area affected. It has both
natural and anthropogenic sources. Natural sources include bedrock from volcanic
eruptions/ weathered rocks as well as transported cadmium from distant sources.
Anthropogenic sources of cadmium come from industrial depositions, mines and
fertilizer application. In zinc-mining, Cadmium is discarded as an impurity.
The soil can also be contaminated by the deposition of airborne particles. Once
deposited, Cadmium travels through layers of soil and is absorbed by plants. The areas
affected can be categorized as agricultural, non-agricultural and landfills. The cadmium
in landfills is usually controlled and thus immobile, so it is unlikely to have any effect on
the environment due to proper containment. In non-agriculture soil, damage to the
environment is a possibility especially when there is transfer via air or water, even
12

though amounts transferred are considered very low. Cadmium in agricultural soil is
very important as the potential for contamination of plants exists. Cadmium distribution
in soil is affected by the presence of organic matter, soil pH, humus content and the
presence of other metals in the soil.
Cadmium in the soil is transferred into the food chain through plant uptake of
Cadmium. Plants such as leafy vegetables, tobacco, root crops, cereals and grains are
contaminated with via two routes: (1) Uptake of Cadmium through the roots (the higher
the soil content of cadmium, the higher the uptake of the cadmium by the plant) and (2)
Deposition of Cadmium on leaf surface via air transport.
Plant uptake is important because for non-occupational exposure, food is the
main source of cadmium exposure. The agricultural practices and the condition of the
soil with respect to soil pH, use of fertilizers, organic content of the soil and the type of
plant all play a role in the degree to which the plant is contaminated by Cadmium. In
addition to plant uptake, Cadmium can also enter the food chain through meat
consumption; when animals have grazed on contaminated plants (Kramárová et al,
2005).
Cadmium is classified as a human carcinogen, which exerts toxic effects on the
kidney, the skeletal system and the respiratory system (IPCS, 1992). The cardiovascular,
neurological and reproductive system are also affected. Cadmium is persistent and can
accumulate in aquatic organisms, which include fish, mollusks and crustaceans (Taylor,
2004).
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It is therefore imperative to know more about how cadmium alters the cellular
redox state, leading to cadmium-induced diseases. Most organisms have evolved
protective mechanisms to deal with metal exposure, most of which function in one of
three ways: (i) Decrease the uptake of the metal, (ii) Stimulate the expulsion of the
metal, and (iii) Activate the organism’s stress response mechanisms. This research
focuses on understanding the processes involved in detoxification and stress response
following exposure to cadmium, using for analysis, tardigrades which are resilient
organisms that belong to the phylum Tardigradia.

Cadmium monitoring and regulation
Cadmium toxicity from acute, high dose exposure is rarely observed due to
regulatory actions. When it does occur, for example in humans through the ingestion of
highly contaminated food or drink, cadmium toxicity will result in irritation of the GI
tract inducing abdominal pain, nausea, vomiting, diarrhea, muscle cramps, excess
salivation, sensory disturbances, liver injury, convulsions, cardiac shock and renal failure.
However, low-dosage chronic exposure to cadmium presents a greater risk to humans
than an acute exposure.
Concerns about the health effects of cadmium over the decades have led to
regulatory actions by state, national and international bodies, mostly in developed
countries. The European Union has more stringent rules in place for Cadmium exposure
than the United States. Commission Regulation (EU) No 488/2014 regulates the
maximum levels of cadmium in foodstuffs. It is constantly being updated to reduce
14

chronic exposure to Cadmium by adding new food items to the standards list. For
example, in January 2019, new regulations went into effect regarding chocolate
products imported into the EU as naturally high levels of cadmium have been found to
exist in the soil of many cocoa producing regions.
The US Environmental Protection Agency maintains a Maximum Contaminant
Level (MCL) of 0.005 milligrams per liter (mg/L) for cadmium in drinking water. The US
FDA limits cadmium in bottled water to 0.005 mg/L. Drinking water levels which are
considered "safe" for short-term exposures are: 0.04 mg/L for a 10-kg (22 lb.) child
consuming 1 liter of water per day for one- to ten-day exposures, and 0.005 mg/L for a
longer-term (up to 7 years) exposure. The World Health Organization established a
guideline of 0.003 mg/L for lifetime consumption. Cadmium compounds are on the US
EPA National Emission Standards for Hazardous Air Pollutants (NESHAP) list of
hazardous airborne pollutants and are considered to be a great threat to public health in
urban areas.
In many large cities in the United States, there is often no strict demarcation
between residential and industrial areas. Many industrial areas have located, within
them, many environmental pollution sources like the oil/gas industry, chemical
manufacturing industry and metal fabrication/recycling facilities. These constitute
sources of cadmium contamination to the terrestrial and aquatic environments.
Multiple government agencies such as the U.S. Geological Survey and the Texas
Commission on Environmental Quality (TCEQ) are responsible for regular monitoring of
metal contamination in aquatic and terrestrial environments throughout the United
15

States. In aquatic environments, levels of metals and other toxic substances are typically
identified through chemical analysis of water, sediment, and fish tissue.
Bioconcentration of cadmium in fish depends on the pH and the humus content of the
water (John et al. 1987). In terrestrial environments, levels of metals are determined
through analysis on soil samples, terrestrial flora/fauna and organisms.
Many states have thresholds for the concentrations of cadmium allowable in
aquatic life, in order to protect aquatic life from both acute and chronic effects of
cadmium. These thresholds are usually revised regularly. Many state standards have
different acute and chronic criteria for cadmium depending on whether the aquatic
body is freshwater and saltwater. The freshwater criteria for cadmium depend on the
hardness of the receiving water, as metals affected by hardness are more toxic in soft
water.

Tardigrades
Tardigrades, also known as water bears, are a group of microscopic aquatic
organisms that belong to the phylum Tardigradia (it should be noted that tardigrade
phylogeny evolves as new investigations discover differing morphological, genomic and
other characteristics). Tardigrades require a surrounding film of water in order to be
active, feed and reproduce; and reside in moist environments terrestrially (Møbjerg,
Jørgensen, Kristensen and Neves, 2018). They can be found in almost every ecosystem
on earth where water exists.
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There are three major habitat categories for tardigrades: marine, freshwater,
and terrestrial (including limnoterrestrial). Tardigrades display differing morphological
adaptations necessary for their habitat. For example, interstitial species have adhesive
appendages such as toe pads or paddles that allow them to stick to shifting sand grains
while tardigrades that live in deep-sea muds have cylindrical, wormlike bodies with
reduced legs that facilitate their movement. Species living on the surface of sediments
at the bottom of the sea or on algae have elongated appendages and hooked claws.
Tardigrades vary from 0.1 to 2 mm in size and are members of the Ecdysozoa
superphylum. Like other small animals, tardigrades do not possess circulatory and
respiratory systems. However, they have digestive, nervous, muscular, reproductive and
excretory systems. Despite their small size, they have a complex anatomy and biology,
with highly developed organ systems. The eutardigrade Hypsibius exemplaris is
composed of around 1000 somatic cells on average (Koutsovoulos et al. 2016).
Tardigrade reproduction occurs only through fertilized or unfertilized eggs and therefore
only through gametes. Tardigrades can be gonochoristic (bisexual or unisexual) and
hermaphroditism has been reported (Bertolani, 2001).
Tardigrades are extremophiles and are capable of surviving in harsh conditions.
Tardigrades have been known to survive desiccation, radiation, vacuum and extremes of
temperature. Tardigrades are invertebrates that possess the ability to undergo, among
other physiological states, “anhydrobiosis” (the ability to arrest their metabolic activity
in response to exposure to dryness and after complete dehydration enter an ametabolic
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"tun" state which allows them to tolerate exposure to various chemical and physical
extremes) (Wełnicz et al, 2011).
This tolerance and survival of the effects of desiccation by tardigrades is
achieved through various morphological, physiological, anatomical and molecular
mechanisms/alterations. These include cyclomorphosis, formation of cysts, change in
cuticle permeability and the synthesis of bioprotectants such as trehalose. While in
anhydrobiosis, tardigrades are also able to withstand extreme conditions of heat
(Hengherr et al, 2009), pressure in outer space (Ono et al, 2008) and radiation
(Horikawa et al, 2006).
Tardigrades are found in various habitats and by their widespread distribution
have the potential to be used as bioindicators especially when exposed to
environmental stressors such as Cadmium. As invertebrates, they lack adaptive immune
systems and possess only innate immunity. Innate immunity encompasses defined
receptors, signaling cascades and effector cells. Immune responses can be mediated by
virus, bacteria, toxins and chemicals (Iwanaga and Lee, 2005).
Tardigrades are transparent and thus, their anatomy was easily observed with
light microscopes, as detailed by Marcus, 1929. Since then, many researchers have
carried out more detailed analysis of their microanatomy and ultrastructure using
electron microscopy. Anhydrobiosis in semiterrestrial species can be anatomically
observed: they contract their anterior-posterior body axis, pull in their legs, and
rearrange their internal cells and organs – into a tun as shown in Figure 2.1.
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Figure 2:1- Scanning electron microscopy (SEM) images of M. tardigradum in the active
and tun state. Source: Schokraie et al, 2010.

During “tun”, tardigrades lose most of their body water (>95%), release cell
protectants (e.g., trehalose, glycerol, heat shock proteins) and reduce or suspend their
metabolism (Bertolani et al, 2004). The state of “tun” can continue for years (Jönsson
and Bertolani, 2001). Adults tardigrades as well as embryos have the ability to enter
anhydrobiosis. Desiccation tolerance for embryos is dependent on humidity and
developmental stage (Schill and Fritz, 2008).
This research uses the tardigrade Hypsibius exemplaris (Figure 2.2), which is
increasingly being widely used as a laboratory model for various types of scientific
studies (Gąsiorek et al. 2018). Like other eutardigrada, H. exemplaris is characterized by
the presence of a cloaca (reproductive and excretory vent), a straight midgut, presence
of excretory organs (Malpighian tubules) and two double claws on each leg (Schill 2018).
Although Hypsibius exemplaris closely resembles the previously identified Hypsibius
dujardini, it is in fact different. DNA sequences for H. exemplaris are present in GenBank
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and raw data underlying the description of H. exemplaris is present in the Tardigrada
Register.
H. exemplaris makes a good animal model as it can be easily maintained in a
laboratory with a generation time of less than 2 weeks at room temperature (Goldstein,
2018). The tardigrades can be revived from a frozen state. More importantly, the
animals and their embryos are optically clear (transparent) which enables a viewing of
their anatomy and internal processes by light microscopy (Heikes and Goldstein, 2018).
In addition, at the molecular level, the building blocks (nucleic acids including
DNA and RNA, proteins, lipids and carbohydrates) of tardigrades are very similar to that
of other well-documented model organisms. Many of the laboratory protocols used
with other invertebrate organisms especially nematodes are appropriate for use with
tardigrades. Thus, tardigrades can be examined with classic molecular biology
techniques such as RNA interference, polymerase chain reaction, reverse transcription
PCR, genome sequencing, microscopy, mass spectrometry, immunostaining and western
blotting.
Tardigrades because of their various characteristics have the potential to be
used as bioindicators especially when exposed to environmental stressors. Tardigrades
possess many of the characteristics that make a good bioindicator including their
ubiquity and their association with cryptogams (such as ferns, mosses and lichens).
Bioindicators are used to monitor the health of an environment or ecosystem. They
include biological processes as well as species.
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In environmental management, they are used to assess the quality of the
environment and how it changes over time. These changes in the environment can be
due to anthropogenic stressors (for example pollution and land use changes) or natural
stressors (for example hydrological changes such as drought/flood, climate changes,
wildfire). A good bioindicator species should be common in the natural environment
and easily sampled with the ability of biomarker responses and concentration
dependence to be reliably measured. Other characteristics of a good bioindicator
include a well-documented taxonomy and a moderate tolerance for environmental
variability.
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Figure 2:2- Light microscopy image of female Hypsibius exemplaris (Parachela,
Hypsibiidae), Sciento strain with algae (green) showing within the midgut. Source: Schill,
2018.

Cellular response to Cadmium toxicity
Several biological processes are evoked with cadmium exposure. One of these
processes is the inducing of the synthesis of a specific metal binding protein,
metallothionein (MT) to which cadmium becomes tightly bound (Satarug, 2019).
Cadmium toxicity also causes enhanced production of reactive oxygen species (ROS)
such as superoxide ion, hydrogen peroxide, and hydroxyl radicals (Nair et al., 2013).
While ROS are produced under stress, they are also produced by normal metabolic
processes, as a natural byproduct of the normal aerobic metabolism of oxygen. They
have important roles in cell signaling and homeostasis and a level of ROS is required for
normal cell metabolism.
This excessive production of ROS causes oxidative stress which refers to the
dominance of ROS or oxidants over the capability of the cell to mount an effective
antioxidant response, creating a physiological imbalance. Metallothioneins can scavenge
reactive oxygen species that are produced after cadmium-induced oxidative stress (Hart
et al, 2001). In addition to binding to metallothioneins (MTs), cadmium also binds to
glutathione (GSH) and other proteins or peptides.
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According to research by Cuypers et al (2010), being a non-Fenton metal and
thus not redox-active, cadmium cannot generate reactive oxygen species (ROS) directly.
However, it indirectly induces oxidative stress by displacing redox-active metals,
depleting redox scavengers, suppressing enzymatic and non-enzymatic antioxidants and
causing mitochondrial damage through the inhibition of the electron transport chain
(Nair et al, 2013). An overview of the processes involved in cellular oxidative stress
caused by cadmium exposure is presented in Figure 2.3. Overall, the cellular
antioxidative defense mechanisms involved in ROS scavenging include antioxidative
enzymes (superoxide dismutases, catalases, glutathione peroxidases, antioxidative
metabolites (GSH, ascorbic acid, vitamin E) and the enzymes involved in their
regeneration (thioredioxins, glutaredoxins, glutathione reductases) (Sigel et al, 2013).

23

Figure 2:3- Overview of cellular oxidative stress induced by exposure to cadmium.
Source: Nair et al, 2013. Abbreviations: Catalase (CAT); superoxide dismutase (SOD);
glutathione peroxidase (GPx); glutathione reductase (GR); glutathione (GSH);
glutathione disulphide (GSSG); ascorbic acid (AsA); vitamin E (VitE); superoxide (O2*−);
hydrogen peroxide (H2O2); hydroxyl radical (OH°).

Metallothionein
Metallothioneins (MTs) are metal binding proteins (metalloprotein) which play a
role in heavy metal homeostasis, regulation, transport and detoxification (Suzuki, Imura
and Kimura, 1993). They also play a role in antioxidant defense; and exposure to
cadmium causes an induction and elevation of MT. Metallothionein is closely linked to
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Cadmium as MT was first discovered during a study of the physiological function of
Cadmium, using equine renal cortex, in 1957 (Margoshes and Vallee, 1957). MTs have
abundant cysteines rich in thiol groups and principally bind metal ions such as Copper,
Zinc under normal physiological conditions.
However, with the accumulation of Cadmium in the kidneys from exposure,
certain metallothioneins bind to Cadmium (with a higher affinity that can displace Zinc
and other lower affinity metals). This Cadmium substitution however does not indicate
an essential role of Cadmium in organisms. Rather, it has been postulated that
organisms evolved the use of “metalloregulatory” proteins for heavy metal ion
detoxification as opposed to their original functions of zinc storage/ homeostasis and
scavenging free radicals (Klaassen, Liu and Choudhuri, 1999).
Although metallothionein plays an important role in cellular defense against
cadmium toxicity, it has not been identified in the particular specie of tardigrades used
in this study.

Glutathione
Glutathione (GSH) is one of the most abundant cellular metabolites in many cell
types and plays a dual role both as an antioxidant and a detoxicant (in animals, plants
and fungi). Glutathione is a tripeptide containing three amino acids; glutamate, glycine
and cysteine. In its reduced form glutathione exists as GSH, while in its oxidized form it
exists as GSSG. Cysteine residue serves as a primary nucleophile in metal detoxification.
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Levels of GSH can be used to determine the tolerance of tardigrades to Cadmium and
how susceptible they would be.
The interaction of metals with glutathione is an important part of the cellular
toxic response to many metals. Cadmium targets glutathione which is a ROS scavenger
and an antioxidant metabolite. Apart from the antioxidant role of glutathione, it also
functions in the detoxification of heavy metals through the synthesis of phytochelatins
in plants (Jozefczak et al, 2012).

Antioxidant enzymes
Antioxidant enzymes affected by cadmium exposure include superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione reductase
(GR) and glutathione-s-transferase (GST). These antioxidants function at different levels
of the defense system: preventive, scavenging and repair. Superoxide dismutase,
catalase and glutathione peroxidase are considered as first line defense antioxidants
(Ighodaro and Akinloye, 2018). First line antioxidants act quickly to suppress or block the
formation of free radicals or reactive species in cells.
Superoxide dismutase (SOD) catalyzes the dismutation (partitioning) of the
superoxide radical into hydrogen peroxide (H2O2) and molecular oxygen (O2), thereby
converting the potentially harmful superoxide anion into two less damaging materials.
Superoxide dismutase is a metalloenzyme and requires a metal cofactor for its activity.
The equation for the dismutation can be written as:
2HO2 → O2 + H2O2.
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Catalase is a peroxidase that catalyzes hydrogen peroxide (H2O2) into water and
molecular oxygen, as accumulated H2O2 is deleterious to tissues and cells. H2O2 can also
be converted to damaging hydroxyl radical through Fenton reaction. Hence, the action
of catalase on H2O2 prevents damage that might occur. The chemical equation for the
action of catalase can be written as:
2H2O2 → 2H2O + O2.
Catalase is a tetrameric 240-kDa heme-containing protein and is highly
conserved in humans, rats, and mice. Catalase is not present in the mitochondria, thus
the reduction of H2O2 to water and lipid peroxide (LOOH) to its corresponding alcohol
(LOH) is carried out by Glutathione Peroxidase (GPx).
Glutathione peroxidase (GPx) is a selenium-containing cytosolic enzyme and
another H2O2 scavenger that catalyzes the reduction of hydrogen peroxide (H2O2) to
water and oxygen. It also catalyzes the reduction of peroxide radicals to alcohols and
oxygen. Glutathione peroxidase catalyzes the reduction of hydrogen peroxide via
oxidation of reduced glutathione (GSH) into its disulfide form glutathione disulfide
(GSSG). The chemical equations for these processes are:
2GSH + H2O2 → GSSG + 2H2O
2GSH + LOOH → GSSG + LOH + H2O
Glutathione reductase (GR) can convert GSSG back to glutathione (GSH) using
reduced nicotinamide adenine dinucleotide phosphate (NADPH) as the electron donor
and reducing equivalents. Glutathione reductase serves to maintain glutathione in the
reduced form and plays a role in the regulation, modulation and maintenance of cellular
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redox homoeostasis. The chemical equation for the GR-initiated reduction of oxidized
glutathione is:
GSSG + NADPH + H+ → 2GSH + NADP+
Glutathione S-transferases (GST) catalyze the conjugation of reduced glutathione
(GSH) to a variety of xenobiotic electrophilic compounds and thus play an important role
in the detoxification of many environmental chemicals. They function to protect cellular
macromolecules from attack by reactive electrophiles by protecting cells from oxidative
burst. Glutathione transferases are found widely in aerobic organisms and are important
mediators in oxidative stress responses. Many molecular forms of glutathione S-transferases
have been identified from various organs in a variety of species. Glutathione S-transferases
activity can provide a marker for chemical exposure.

Heat shock proteins
Heat shock proteins (HSP) such as HSP90, HSP70 and HSP40 are housekeeping
proteins, which act as molecular chaperones by playing a role in maintenance of
homeostasis. They aid in the proper folding of proteins during synthesis and prevent
proteins from losing conformation during stress events. These stress events include high
temperature, hypoxia, ionizing radiation, oxidants, electrophile reactants and exposure
to metal ions and chemicals.
Adaptive reactions to such stress episodes include overexpression of chaperones
through the heat-shock response and the EPR stress response. Although the heat shock
response mechanism was first observed as a result of hyperthermia, it is actually an
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adaptive mechanism that is also triggered by pathologic conditions such as trauma and
tissue ischemia as well as all reactive chemicals and/or their metabolites that denature
proteins. Thus, these chaperone proteins are very important in maintaining the integrity
of hundreds of proteins (Pratt et al, 2010). The expression of heat shock protein 70
(HSP70) has been reported as a biomarker of cell stress (Nadeau et al, 2001; El GolliBennour and Bacha, 2011; Pyza et al, 1997).
Heat shock proteins are ubiquitous and highly conserved in most organisms from
bacteria and yeast to humans. HSP70 is the largest and most conserved heat shock
protein (Feder and Hofmann, 1999). In tardigrades, an isoform of HSP70 has been
demonstrated to play a role in cryptobiosis, with variable expression during desiccation
and rehydration (Schill, Steinbrück, and Köhler, 2004). Changes in HSP70 expression
from cadmium exposure has been observed in human cells and other organisms (Galán
et al, 2001; Valbonesi et al, 2008; Abe et al, 1994; Watanabe and Suzuki, 2004; Maresca
et al, 2020).
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CHAPTER 3
MATERIALS AND METHODS
Tardigrade species
The tardigrades (Hypsibius exemplaris - Sciento strain Z151) that were used for
this research were purchased from Sciento Company (Manchester, UK) in 2020. The
tardigrades were maintained in the laboratory using a modification of the culture
method previously described for the tardigrade Ramazzottius varieornatus (Horikawa et
al, 2008). They were cultured on a 100*15mm sterilized petri dish filled with Agar
(Sigma Aldrich) covered with distilled water, and incubated at 21 °C.
The tardigrades were fed Clorococcum hypnosporum (a genus of green algae)
twice a week. Both tardigrades and algae were purchased from Sciento. Culture plates
were inspected every other day, and eggs hatched were transferred to a new plate. The
aim was to maintain about 100-150 tardigrades per plate. The water and algae were
changed every ten days. The tardigrades were viewed through the 4*0.10 magnification
on a Nikon Eclipse E-200 Microscope.
Adult tardigrades were selected for the experiments. Anhydrobiotic samples
were prepared by placing selected adult samples in a chamber maintained at 85%
relative humidity for 48 hours. Successful anhydrobiosis was assumed when >90% of the
samples prepared in the same chamber recovered after rehydration.
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Stock preparation
A primary stock solution with a concentration of 1000 ppb (part per billion) of
cadmium was prepared by weighing 20 mg of cadmium nitrate tetrahydrate [Cd
(NO3)2*4H2O] into a 1L volumetric flask and diluting it to the mark with spring water.
This stock solution was used for the preparation of standard solutions by serial dilution
with spring water. The concentration of standard solutions ranged from 1-15 ppm (part
per million).
Concentration samples were collected for total cadmium concentration
measurements. The standards were analyzed by UV–visible spectrophotometry at
wavelength intervals ranging from 400-600 nm. Blank and sample concentrations were
run.

Cadmium tolerance assay and toxicity testing
Using the methods recorded by Hygum et al (2017), prior to cadmium exposure,
single tardigrades were collected from the stock material under microscope using an
ordinary laboratory pipette with plastic tip. The specimens were then transferred to a
glass petri dish containing spring water.
The tardigrades were subsequently divided into two groups of about 50
tardigrades per group. Both groups were starved for two days prior to the exposure to
limit the possibility of contamination. The first group was the control, with no exposure
to cadmium. The second group was exposed to cadmium over a period of time
determined from the preliminary tolerance assay.
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The Environmental Protection Agency (EPA) and other agencies such as the
Agency for Toxic Substances and Disease Registry have established the maximum
contamination level for cadmium in drinking water at 0.005mg/l. Many regulatory
agencies also have a primary Maximum Contaminant Level (MCL) of 5 μg/l for dissolved
cadmium in groundwater. Using these limits as guidance, the tardigrades were exposed
to 2ml of a range of concentrations of cadmium from 0.05mg/l to 20mg/l over a 24-hour
period at 2-hour intervals to observe the deleterious effects of cadmium as evidenced
by a cessation in metabolic activity. Approximations of the dosage required to observe a
response and time required to see the effect were calculated. Based on the results of
the preliminary experiments, longer time intervals were chosen as reactions at exposure
time of less than 6 hours seemed constant. Therefore, exposure intervals of 6, 12 and 24
hours were chosen.
Only highly active tardigrades were chosen for the assays. The activity of the
tardigrades was assessed by observing them in a Boreal 2 microscope at 40–50X
magnification. Tardigrades that did not move were considered to have responded to
environmental stress by entering cryptobiosis, a dormant state, characterized by
metabolic shut-down (Møbjerg et al., 2018).
Following cadmium exposure at intervals of 6, 12 and 24 hours, the tardigrade
specimens were rinsed twice, by transferring into petri glass dishes containing 2 ml of
spring water. After the second washing, specimens were transferred with a new
ordinary laboratory pipette with a plastic tip to a third petri glass containing 1.5–2 ml of
spring water and assessed for activity. Tardigrades were considered active and alive if
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they exhibited clear movement or responded to tactile stimuli. The specimens were
monitored for 48 hours after the retransfer with activity checks at 2, 24, and 48 hours.
For every series of experiments, control groups were kept in glass petri with spring
water and assessed for activity at similar time intervals.
According to the protocol by Hygum et al (2017), data on activity was recorded
as activity in percentages calculated based on the number of active specimens divided
by the total number of specimens in each group.

Table 3.1: Concentration-time of cadmium exposure
CONCENTRATION
MG/L

6HRS

12HRS

24HRS

CONTROL

1

50

50

50

44

45

47

40

39

44

50

2.5

50

50

50

40

38

42

32

34

36

50

5

50

49

50

29

34

28

24

26

28

50

7.5

50

50

48

24

25

27

29

28

27

50

10

46

48

47

19

21

22

10

12

14

50

12.5

45

42

43

19

17

15

8

6

6

50

15

40

41

39

13

12

19

4

3

3

50
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Reactive Oxygen Species (ROS) assay
ROS levels were measured using the 2,7- dichlorodihydrofluorescein diacetate
(H2DCFDA) method of the Image-iT™ LIVE Green Reactive Oxygen Species (ROS)
Detection Kit. Per manufacturer’s protocol, cells exposed to various concentrations of
cadmium were loaded with CM-H2DCFDA (a fluorogenic dye). DCFDA diffuses into cells
and yields DCFH. If intracellular ROS is present, it interacts with DCFH and oxidizes it to
the fluorescent compound DCF. The resulting DCF fluorescence was observed with
fluorescence microscopy.

Animal viability analysis
For all tests and controls, the criterion for evaluating tardigrade viability after
hydration was an assessment of coordinated and active movements of the body,
following the protocol documented by Rebecchi et al (2009). Locomotion was assessed
after 1 hour (t1) up to 24 hours (t24). Mobile tardigrades were separated from the
immobile ones, which were considered to have died. Final survival was calculated by
adding the number of animals found active 1 hour after rehydration with the number of
animals found active 24 hours after rehydration. The difference between final survival
and survival recorded 1 hour after rehydration is known as ‘Δ recovery’. A higher value
of Δ recovery means that the greater the number of animals that need a longer time to
recover active life. Statistical analyses on recoveries after 1 hour and 24 hours, final
survivals and Δ recoveries were carried out with Mann—Whitney U-test and Pearson
correlation tests.
34

Enzymes assays
Quantification of the antioxidant enzymes namely superoxide dismutase (SOD),
catalase (CAT) and glutathione-s-transferase (GST) were carried out with assay kits
following respective manufacturer’s instructions.
For superoxide dismutase (SOD), tardigrade samples were cleaned and collected
in pyrogen/endotoxin-free tube. Tardigrades were washed with ice cold phosphate
buffered saline (PBS) prior to processing and then homogenized in PBS. They were then
centrifuged at 1500×g for 10 minutes at 4°C. The supernatant was collected and assayed
immediately. Standards were diluted according to manufacturer’s protocol. Xanthine
oxidase and the 1X substrate were then prepared. The assay kit procedure was followed
and the plate was read at 450nm absorbance. Curve fitting software was used to
generate the standard curve.
For glutathione-s-transferase (GST), prior to use the reagent was prepared by
briefly centrifuging the small vials at low speed before opening. The assay kit had four
components (GST Assay Buffer, GST Substrate, Glutathione, and GST Positive Control).
Tardigrades were washed in cold phosphate buffered saline (PBS) prior to assay and
then resuspended in 500 µL of GST Assay Buffer. Tissue was homogenized with a
homogenizer sitting on ice, with 10 – 15 passes. The GST Activity Assay Kit Sample was
then centrifuged at 4°C at 10000xg for 15 minutes using a cold microcentrifuge to
remove any insoluble material. Supernatant was collected and transferred to a new
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tube on ice. Assay was carried out per protocol following the manufacturer’s manual.
This was followed by data analysis.
The catalase assay method is based on the measurement of the hydrogen
peroxide substrate remaining after the action of catalase. Catalase converts hydrogen
peroxide to water and oxygen in what is known as the catalatic pathway. This enzymatic
reaction is stopped with sodium azide. An aliquot of the reaction mix is then assayed for
the amount of hydrogen peroxide remaining by a colorimetric method. The method
uses a substituted phenol which couples oxidatively to 4-aminoantipyrine in the
presence of hydrogen peroxide and horseradish peroxidase (HRP) to give a red
quinoneimine dye that absorbs at 520 nm. Catalase activity is always directly
proportional to the rate of dissociation of hydrogen peroxide.

HSP70 assay
Total RNA isolation
RNA extraction was performed following the protocol documented by Boothby
(2018). Tardigrades were selected from their culture medium (spring water) and placed
in a low-retention microcentrifuge tube. The samples were then centrifuged at 4500g
for 3 minutes at room temperature to pellet the tardigrades. As much as possible of the
supernatant was removed without disrupting the pellet and the liquid was discarded.
The pellet was then suspended in 100 µL of prechilled TRIzol™ reagent
(Thermofisher™, Waltham, MA). Crushed pieces of glass coverslips were added to the
tube and the pellet was vortexed for 2 hours at room temperature. Once the sample
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was homogenized, 400 µL of TRIzol™ reagent was added and the sample was mixed by
inverting vigorously by hand.
Chloroform (100 µL) was added to the TRizol-pellet mix and the tube was shaken
by hand for 20 seconds. Following incubation for 3 minutes at room temperature, the
sample was centrifuged at 10,000g for 18 min at 4°C. The top aqueous non-pink layer
was transferred to a new micro centrifuge tube and kept for use in the remainder of the
protocol.
RNA was precipitated from the aqueous phase by mixing with 250 µL isopropyl
alcohol. Samples were incubated at 15 to 30°C for 10 minutes and centrifuged at
12,000xg for 10 minutes at 4°C. The RNA precipitate formed a gel-like pellet on the side
and bottom of the tube. The supernatant was removed and the RNA pellet was washed
once with 75% ethanol. The sample was mixed by vortexing and centrifuged at 7,500xg
for 5 minutes at 2 to 8°C. At the end of the procedure, the RNA pellet was air-dried with
care taken not to let the RNA pellet dry completely as this would greatly decrease its
solubility. The RNA was dissolved in DEPC water and stored at 80°C.
Following RNA extraction, the RNA concentration and purity were checked for by
measuring the UV absorption using a Nanodrop 2000 spectrophotometer and reading
the optical density (OD) at 230, 260, and 280 nm following the manufacturer’s
instructions. The integrity of the RNA was also checked by running the RNA on a 1%
standard agarose gel stained with ethidium bromide and examining the ribosomal RNA
(rRNA) with a Li-COR Odyssey® Fc imager (LI-COR Biosciences, Lincoln, NE). The intensity
of the upper ribosomal band 28S was compared to the intensity of the lower band 18S.
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The bands were also examined for smearing and to see whether there any higher
molecular weight bands.

Complementary DNA (cDNA) Synthesis
Total RNA extracted from the previous step was used in the synthesis of the
complimentary DNA using SuperScript™ III First-Strand Synthesis System (Thermo Fisher
Scientific, Waltham, MA) according to the manufacturer’s protocol. All components of
the SuperScript™ III First-Strand Synthesis System were centrifuged before use. An initial
primer mix consisting of the following was combined in a 0.2ml tube:
o 1 μl random hexamer primers
o 1 μl oligo(dT) primers
o 1μl dNTP mix
o 8ul of RNA (1μg) + DEPC H20
The tube was incubated at 65°C for 5 min and placed on ice for 1 minute.
The cDNA Synthesis Mix was prepared by adding each component in the
following order:
o 2 μl 10x cDNA synthesis buffer
o 4 μl MgCl2
o 2 μl 0.1 M DTT
o 1μ RNaseOut
o 1μl Superscript III
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10 μL of cDNA Synthesis Mix was added to each primer mixture and mixed
gently, followed by incubation as follows:
o Oligo (dT): 50 min at 50°C
o Random hexamer primed: 10 min at 25°C, followed by 50 min at 50°C
The reactions were terminated at 85°C for 5 min and chilled on ice. 1 μL of RNase
H was then added to each tube and the tubes were incubated for 20 min at 37°C.

Polymerase Chain Reaction (PCR) and Gel Electrophoresis
Polymerase chain reaction (PCR) was used to determine genomic expression and
the quantitative variations in this expression were used to gain insight into the role
played by heat shock proteins in the tardigrade response to Cadmium. Primers were
designed using the Amplifix1.7 software based on EST sequences obtained from the
NCBI website. Primers purchased from Sigma Aldrich are summarized in the table
below.
The cDNA was diluted 10-fold with DEPC water and 5μl was used as a template
for a 20μl total volume RT-PCR reaction. 5μl of diluted cDNA was combined with 5μl of
forward and reverse primers mixture and 10 μl of Bio-Rad iQ™ SYBR Green super mix in
each well in triplicates with a house keeping gene. The PCR was run in a thermocycler
under the following conditions 95ºC for 3 minutes, 40 cycles of 95ºC for 15 seconds,
65ºC for 30 seconds and 78ºC for 1 minute which was then maintained at 4ºC.
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The amplified products were analyzed on an agarose gel stained with ethidium
bromide. Each stained agarose gel was placed inside the Li-COR Odyssey® Fc imager (LICOR Biosciences, Lincoln, NE) to visualize the band intensity.

Table 3.2: HSP70 PCR Primer
PRIMER

HSP70

SEQUENCES
FORWARD 5’-GCATCGACCTCGGCACAACCTAT-3’
REVERSE 5’-ACGACCTCAAATGGCCAACGACT-3’
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CHAPTER 4
RESULTS AND DISCUSSION
Tardigrade Culture
To simulate conditions similar to the natural habitat of the tardigrade (Hypsibius
exemplaris) and in order to get accurate representation of results, bottled spring water
was used in culturing and growing the tardigrades from egg to adult. It was observed
that with ambient light and at non-regulated room temperature, the tardigrades thrived
and grew at a steady rate (Figure 4.1).
There were periods when the room temperature was very low (15°C) which
caused the tardigrades to go into what appeared to be a fetal position which was at first
thought to be the “tun” state (Figure 4.2). However, upon tactile stimulus with the tip of
the pipette, the tardigrades were noticed to still be active. With warming up of the
room, the tardigrade specimens returned from their flexed position to full extension and
mobility as initially observed in Figure 4.1.
In an attempt to control the temperature under which the tardigrades were
cultured, they were placed in an incubator. While in the incubator, it was observed that
the tardigrades laid eggs at a higher rate than when they were outside in ambient light.
It was decided to continue culturing them at room temperature as they appeared to
thrive better in room temperature. Another observation that was made during the
culturing of the tardigrades was that when the water levels were low in the petri dish
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the tardigrades gathered towards the center of the dish and were concentered in that
area making it easier to pick than when the petri dish was full of water.

Figure 4:1- Microscopy image (10X) of adult tardigrade Hypsibius exemplaris in a thriving
state.

42

Figure 4:2- Microscopy image (10X) of adult tardigrade Hypsibius exemplaris in a nonthriving but not “tun” state.
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Determination of cadmium concentration
Considering that there were no previous experiments carried out looking at the
exposure of tardigrades to cadmium, a pilot test was done using the Environmental
Protection Agency’s limit for cadmium in drinking water, which is 0.005mg/l. Using this
concentration of cadmium, all tardigrades exposed as well as the controls survived. It
was surmised that the tardigrades were able to tolerate the toxic effects of cadmium at
this level due to being extremophiles. It was then decided to increase the concentration
by a thousand-fold (to 5mg/l) and observe the resulting effects. At 5mg/l, there was
100% viability after 2hrs, which dropped down to 60% viability at 6hrs, and stayed at
that rate over a 24-hour period.
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Figure 4.3- Dose-Time Kinetics at 5mg/L of cadmium.

Subsequently, it was decided to expose the specimens to cadmium at values
ranging from 1mg/l to 15mg/l. The ability of the tardigrades to withstand the toxic
effects of the various cadmium concentrations ranging from 1-15mg/l was assessed
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using a viability analysis over 12hr and 24hr periods based on the data from the pilot
test of the concentration at which 60% of the tardigrades perished during the
observation period.

Tardigrade Viability Analysis
For all tests and controls, coordinated and active movements of the tardigrade
body constituted the criterion to evaluate tardigrade viability. The movement was
evaluated over a period of 24 hrs. Tardigrades that had ceased to move but responded
to stimuli when touched were considered to be alive. Those that did not respond to
tactile stimulus were considered dead for the purpose of this experiment.

12-hours Tardigrade Viability
The results of the 12-hours viability analysis are presented in Figure 4.4. The
tardigrade viability analysis over 12hrs demonstrated a decrease in viability with
increasing concentration. At 1mg/l of cadmium, there was a reduction to 90% viability
which was not statistically significant compared to the control. At 2.5mg/l of cadmium
there was a further reduction in viability to 80% which was also not statistically
significant.
At 5mg/l of cadmium, there was a statistically significant difference from the
control with a reduction in viability of 60%. There was a 50% reduction in viability at
7.5mg/l of cadmium and this was statistically different form the control. The 7.5mg/l of
cadmium concentration became the LC50 for our experiment.
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At 10mg/l of cadmium, there was a reduction in viability to about 40%, while
both the 12.5mg/l and 15mg/l concentration had a reduction in viability of about 30%.
The three highest concentration of cadmium were statistically significant when
compared to the control.

Figure 4.4 - Tardigrade Viability Analysis (12 hours). *p<0.05, **p<0.01, ***p<0.001

24-hours Tardigrade Viability
The results from the 24-hours series (Figure 4.5) were slightly different from the
results obtained from the 12-hours series. A 20% reduction in viability at the lowest
concentration of 1mg/l was observed, which was not significant compared to the
control. However, at 2.5mg/l there was a viability of 70% which was significant (p<0.05).
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For both 5mg/l and 7.5 mg/l of cadmium, there was a significant difference in viability of
approximately 50% when compared to the control (p<0.001). As with the 12-hr series,
the last three concentrations demonstrated statistically significant differences when
compared to the control of 20% at 10mg/l of cadmium and about 10% for both 12.5ml/l
and 15mg/l of cadmium respectively (p <0.0001).

Figure 4.5 - Tardigrade Viability Analysis (24 hours). *p<0.05, **p<0.01, ***p<0.001

12-hours /24-hours comparison
Comparing both the 12hr. and 24hr. series (Figure 4.6), the results were
essentially the same, with the only statistically different values being the 12.5mg/l and
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15 mg/dl concentrations respectively. This demonstrated that with increasing
concentration and time, there was a decrease in tardigrade viability.

Figure 4.6 - Tardigrade Viability Analysis (12- hours and 24-hours). *p<0.05, **p<0.01,
***p<0.001

From the results presented in Figures 4.4 to 4.6, an LC50 of 7.5mg/l was
determined which can be defined as a statistically derived dose at which 50% of the
tardigrades will be expected to die. LC50 figures are frequently used as a general
indicator of a substance's acute toxicity. In toxicological studies, the LC50 of a substance
or chemical is known to vary significantly based on factors such as the animal species
tested; age of specimens; mode of administration of the substance or chemical;
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environmental conditions etcetera. For example, early life stages of specimens such as
eggs and embryos are usually more sensitive to toxic substances than specimens at
other life stages (US Environmental Protection Agency, 1984).

Reactive Oxygen Species
For the assessment of reactive oxygen species in the tardigrades, this study did
not measure any specific type of reactive oxygen species but rather the general
production. ROS levels were measured using the 2,7- dichlorodihydrofluorescein
diacetate (H2DCFDA) method of the Image-iT™ LIVE Green Reactive Oxygen Species
(ROS) Detection Kit. Per manufacturer’s protocol, cell exposed to various concentrations
of cadmium were loaded with CM-H2DCFDA (a fluorogenic dye). DCFDA diffuses into
cells and yields DCFH. If intracellular ROS is present, it interacts with DCFH and oxidizes
it to the fluorescent compound DCF. The resulting DCF fluorescence was observed with
fluorescence microscopy.
The cell-permeable reagents while in a reduced state did not fluoresce, however
in the presence of oxidation they gave off a fluorescent signal which was measured with
microplate fluorimeter and viewed under an inverted microscope. The resulting images
are presented in Figures 4.7 to 4.8. As can be seen in Figure 4.8, there was some
fluorescence present in the control. However, it was not magnified to the degree of
fluorescence observed in the tardigrades exposed at 6hrs, 12hrs and 24hrs respectively.
Also, the intensity of the fluorescence appears to increase with increasing
duration of time. It is important to note that the tardigrades were starved prior to the
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experiment to rule out the possibility of contamination with chlorococcum (the green
algae they were fed with)

Figure 4.7 - Live tardigrades observed using an inverted microscope at x4 magnification.

50

Figure 4.8 - Live tardigrades observed using an inverted microscope at x4 magnification.

Reactive oxygen species are formed during normal cellular activity and thus are
expected in the control, the increasing levels of reactive oxygen species seen in the
tardigrades exposed to cadmium can cause an imbalance in cell homeostasis leading to
oxidative stress and damage of proteins, lipids and DNA.
The graph in Figure 4.9 shows the reactive oxygen species level over time. It can
be observed that, relative to the control, both the 6hr and 12 hr. exposures were not
statistically significant with an increase of approximately 10% and 20% respectively
when compared to the control. However, with the 24hr exposure there was a threefold
increase which was significant compared to the control (p<0.05). This demonstrated
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that with increasing exposure to cadmium there was significant production of reactive
oxygen species.

Reactive Oxygen Species (ROS)
400

ROS Levels (%)

✱

300
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Time (hrs)

24hrs

Figure 4.9 – Levels of reactive oxygen species over time.

Catalase
As a means of maintaining homeostasis in response to increased reactive oxygen
species, antioxidant enzymes production is increased. Hydrogen peroxide is formed as a
byproduct of the oxidative process and is broken down into water and oxygen by
catalase. The assay follows the above principle in quantifying the hydrogen peroxide
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remaining in the reaction after the catalase enzyme activity has been stopped. It does
this by colorimetric measurements of phenol (3,5-dichloro-2-hydroxybenzenesulfonic
acid), which couples oxidatively to 4-aminoantipyrine in the presence of hydrogen
peroxide and horseradish peroxidase (HRP) to give a red quinoneimine dye (N-(4antipyryl)-3-chloro-5-sulfonatep-benzoquinone-monoimine) that absorbs at 520 nm.
The results of the catalase assay are presented in Figure 4.10. The control was
represented as 100%, meaning the hydrogen peroxide produced was within normal
limits as the catalase assay measures the hydrogen peroxide remaining after the
conversion of hydrogen peroxide to water and oxygen. Thus, with the control, no
hydrogen peroxide was measured implying the catalase was able to break down any
generated hydrogen peroxide.
For the other timed exposures, the results were measured as a percentage of the
control. After 6 hours, there was a 25% percent increase in hydrogen peroxide
remaining after the action of catalase which was significant (p<0.01). For both the 12-hr
and 24-hr exposures, there was a 30% increase in the activity of hydrogen peroxide after
the action of catalase. This was significantly different from the control (p<0.05) but not
significantly different between both exposures. With increasing duration of exposure to
cadmium, there is an increase in the amount of hydrogen peroxide available. This
signifies a reduction/ an overwhelmed production of catalase.
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Figure 4.10 – Catalase activity over time.

Superoxide dismutase
As with Catalase, superoxide dismutase is an antioxidant enzyme that plays a
role in the cellular control of levels of reactive oxygen species. It does this by scavenging
superoxide. Decreases in superoxide dismutase activity results in elevated levels of
superoxide which in turn leads to a decrease in nitric oxide but increased peroxynitrite
concentrations.
The assay used measures all types of superoxide dismutase activity. A standard
was provided to generate a standard curve for the assay and all samples were read from
the standard curve. Following dilution of samples per protocol after the addition of
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reagents, superoxide was generated in the presence of oxygen, which converted a
colorless substrate in the detection reagent into a yellow-colored product. The colored
product was read at 450 nm. Increasing levels of superoxide dismutase in the samples
causes a decrease in superoxide concentration and a reduction in yellow product.
The results of the assay are presented in Figure 4.11. The control was
represented by 100%. The balance between antioxidants and oxidants is sufficient to
prevent the disruption of normal physiologic functions. With increasing superoxide
dismutase in the exposed samples, at 6hrs there was significance (p<0.01). Both the
12hr and 24hr exposures were statistically different from the mean (p<0.05). However,
they were not different from each other.
Looking at the graph, it can be inferred that as time progressed the tardigrades
increased their ability to tolerate the effect of cadmium by increasing their production
of superoxide dismutase to counter the superoxide.
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Figure 4.11 – Superoxide dismutase activity over time.

Glutathione -S -transferase
Glutathione-S-transferases are a group of enzymes that play a role in in the
detoxification of toxicants. They do this by conjugating the thiol group of the
glutathione to electrophiles, and thereby defend cells against deleterious effects.
The Glutathione S-Transferase Assay utilizes 1-Chloro-2,4-dinitrobenzene. It
catalyzes the conjugation of the thiol group of glutathione to the CDNB substrate. The
reaction products absorbs at 340 nm. The rate of increase in the absorption is directly
proportional to the Glutathione-S-transferase activity in the sample.
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As can be seen in Figure 4.12, glutathione-S-transferase showed a decrease in
activity at 6hrs relative to the control. This was not significant. However, both the 12hr
and 24hr exposures were significantly reduced compared to the control (p<0.01). It can
be concluded that cadmium decreased the enzyme activity of glutathione-S-transferase
over time.

Glutathione-S-transferase (GST)
120

% of Control

100
✱

80

✱

60
40
20
0

Control 6 hrs 12 hrs 24 hrs

Time (hrs)
Figure 4.12 – Glutathione -S –transferase activity over time.

Heat shock protein (HSP70)
HSP70 is a stress induced protein that is conserved across species. To investigate
the effect of cadmium exposure on Hypsibius exemplaris, tardigrades were exposed to
the same dose of cadmium 7.5mg/l over 6hrs, 12hrs and 24hrs following which the
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expression of the HSP70 was measured using quantitative real time reverse
transcription polymerase chain reaction (RT-PCR).
As shown in the Figure 4.13 below, in response to the cadmium exposure at 6hrs
there was an increase of 0.5 points in HSP70 mRNA compared to the control. This was
statistically significant relative to the control. It can also be seen that at both the 12hr
and 24hr time periods, there was an increase of 0.7 and 0.9 points respectively relative
to the control implying that there was a higher sensitivity to cadmium as time
progressed. It can be inferred from these results that the HSP70 levels increased in
response to stress on the tardigrade Hypsibius exemplaris, in a time dependent manner
protecting the organism from the deleterious effects of heavy metal damage.

Figure 4.13 – Changes in expression of HSP70 mRNA over time (RT-PCR).
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Comparison of Hypsibius exemplaris to other bioindicators
This study determined a Lethal Concentration for 50% of population (LC50) value
of 7.5mg/l after tardigrade exposure to cadmium. This is defined as a statistically
derived dose at which 50% of the tardigrades will be expected to die. LC50 figures are
frequently used as a general indicator of a substance's acute toxicity. In toxicological
studies, the LC50 of a substance or chemical is known to vary significantly based on
factors such as the animal species tested; mode of administration of the substance or
chemical; environmental conditions etcetera.
The obtained LC50 values from this study are compared to published LC50 values
of cadmium in other species. Although there is a wide species to species variation, this is
not uncommon which is why assessment factors are applied. Sensitivity is known to
vary; for example Peredney and Williams (2000) found that 24-hour metal exposures for
C. elegans had similar effects to 14-day exposures for earthworms.

Table 4.1: Comparison of Hypsibius exemplaris LC50 values to other species (cadmium
solution)
Species

LC50 value

Time

Study

H. exemplaris

7.5mg/l

24 hours

Current study

C. elegans

275mg/l

24 hours

Williams and Dusenbery, 1988

C. elegans

95.7μM

24 hours

Arizono et al, 2003

C. elegans

846mg/l

24 hours

Roh et al, 2009
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C. elegans

185μM

24 hours

Stringham and Candido, 1994

D. magna

0.071mg/l

24 hours

Guilhermino et al, 2000

The higher values observed with C. elegans might be due to a better developed
defense mechanism in that species. The low LC50 value of H. exemplaris compared to C.
elegans may be beneficial for use in aquatic environmental management where it is
important to maintain low levels of heavy metals such as cadmium in aquatic bodies.
This is applicable for managing both acute and chronic cadmium exposure although
total exposure from chronic contamination will be greater than with acute
contamination due to a longer window of exposure. It should be noted that in the
natural environment, the presence of other toxic chemicals may affect the level at
which adverse effects may occur.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
Summary
The results of this study indicate that antioxidant defense components in the
tardigrade Hypsibius exemplaris are significantly affected by cadmium toxicity. This is
similar to results observed across species by Unsal et al, 2020; Vitória et al, 2001;
Casalino et al, 2002; Ikediobi et al, 2004. This research contributes to the existing
knowledge on how cadmium alters the cellular redox state, leading to cadmium-induced
pathologies. The results show that cadmium can induce the excessive production of
reactive oxygen species (ROS) resulting in oxidative stress as ROS was statistically
significant from control after 24 hours of cadmium exposure. Overall, the results
support the notion that the mode of cadmium toxicity in tardigrades is evident through
both decrease in antioxidants and general cellular oxidative stress from accumulated
ROS.
Glutathione (GSH), highly abundant in cells, is a primary target for free Cadmium
ions. Therefore, the observed cadmium-induced depletion of the GSH pool indicates a
disturbance of the redox balance leading to an oxidative environment. This was also
observed by Lopez et al, 2006. It was also observed that cadmium triggers a protective
cellular antioxidant response involving Glutathione S-transferases (GST) as during
exposure, the cadmium treatments significantly influenced the biomarker GST. There
was decreased GST expression in tardigrade specimens consistent with increase
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oxidative stress. After 12 hours, GST in exposed specimens was statistically significantly
lower than in control specimens, further decreasing after 24 hours. This implies that GST
detoxification may be compromised during exposure to cadmium induced oxidative
stress response. GST is an important mediator in oxidative stress responses and
catalyzes the conjugation of reduced glutathione (GSH) to a variety of xenobiotic
electrophilic compounds.
This study also investigated the impact of cadmium exposure on the differential
gene expression of the stress-induced protein HSP70. The results reveal a timedependent effect of cadmium exposure on HSP70 mRNA expression. Exposure to
7.5mg/l of cadmium over 6hrs, 12hrs and 24hrs induced an increase in HSP70
expression. This supports the literature on the important role of heat shock proteins in
conferring protection and tolerance against deleterious concentrations of heavy metals
such as cadmium (Koizumi et al, 2013; Jönsson and Schill, 2007).
The results also show that Hypsibius exemplaris has a lower tolerance towards
cadmium compared to the higher LC50 values reported with the well-studied
bioindicator species Caenorhabditis elegans. However, it has a higher tolerance than
reported with the other well-studied species Daphnia magna.

Limitations
Every study design and test protocol has limitations as well as strengths. A
strength of this study is the use of the tardigrade Hypsibius exemplaris which is a close
relative of two well-studied models, Drosophila (Phylum Arthropoda) and
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Caenorhabditis elegans (Phylum Nematoda). This facilitates a more comparative study,
using both Drosophila and Caenorhabditis elegans as reference systems for
comparisons.
Biological species amenable to laboratory use are often used for toxicity tests for
practical reasons. However, they may not have ecological significance. A strength of the
study is that while tardigrades are amenable to laboratory use, they are also found in
various habitats and their laboratory results can also be extrapolated for use in aquatic
environmental management of heavy metals such as cadmium.
A limitation of this study is that the tardigrade Hypsibius exemplaris is reported
to be not as resistant to harsh conditions or stress as other tardigrade species (Kuzmic et
al, 2018; Wright, 1989). It is less tolerant to long-term anhydrobiosis compared to semiterrestrial tardigrades (Jönsson, 2019). Therefore, the tardigrade specimens could not
be exposed to cadmium beyond 24 hours as they would go into “tun” state.

Recommendations for future research
Results suggest that future studies on cadmium tolerance should be undertaken
to investigate the mechanisms by which organisms mitigate exposure to cadmium. This
is important as cadmium is considered one of the most important environmental and
occupational pollutants existing. It is of considerable concern due to its environmental
ubiquity and increasing occurrence. The more knowledge there is about the
mechanisms of cadmium toxicity, the more ability regulators have to properly control
the presence and interactions of cadmium with living species and the environment.
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Future research should look at the roles of the expression of the heat shock
protein HSP70 and the role of Dsup or the orthologue BV898_01301 in the protection of
cells against exposure to heavy metals such as cadmium. There is also a need to
characterize the genetic stress response to cadmium toxicity.
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